Abstract . The Dufour gland of both queens and workers of Meranoplus diversus is very large. The reservoir is lined with flat epithelial cells, which usually contain smooth endoplasmic reticulum but also show the unusual accumulation of electrondense inclusions. Chemically, the gland contains an unusual mixture of long-chain fatty acids and their derivatives, including hydrocarbons, ketones and amines with long-chain substituents, hydroquinone, and sugars. Some of the substances identified are already known as insect defensive compounds against other arthropods.
Introduction
The exocrine system of ants consists of an impressive variety of glands, the secretions of which perform multiple functions in the organization of their colony life ( Hölldobler & Wilson, 1990; Billen & Morgan, 1998; Billen, 2006 ) . A major role for glandular secretions is to act as pheromones that transmit information between individuals. For this purpose, they have to be relatively volatile, and therefore are fairly simple molecules, as predicted in a pioneer pheromone study by Wilson & Bossert (1963) . The Dufour gland in the abdomen comprises one of the exocrine glands for which both the structural organization and chemical composition are well studied in a wide variety of ant species. The gland is essentially a simple tubiform sac, lined with a monolayered epithelium of secretory cells, that may show subfamily-specific ultrastructural features ( Billen, 1986 ) . The secretion it produces is generally made up of mixtures of long-chain alkanes and alkenes, some terpene hydrocarbons, and oxygenated alkyl compounds, such as alcohols, aldehydes, ketones and esters ( Attygalle & Morgan, 1984 ) . In myrmicine ants, these carbon chains generally contain 10 -20 carbon atoms. The function of the Dufour gland is not uniform among species because some species may use Dufour gland substances as trail pheromones ( Monomorium pharaoh's ants: Ritter et al. , 1977 ;  Solenopsis fire ants: Vander Meer et al. , 1981 ) , whereas others may use its secretion for defence ( Crematogaster species; Pasteels et al. , 1989 ) or territorial marking ( Cammaerts et al. , 1981 ) .
Meranoplus is a genus comprising 54 species ( Bolton, 1995 ) , with an Old World distribution from Africa through India and south Asia to Australia. They are ground-nesting, slow moving ants that are characterized by an obvious flat posterior extension of the dorsal thorax giving them the common name of 'shield ants', and by their behaviour of feigning death when disturbed. All Meranoplus species studied have very large Dufour glands that occupy most of the abdomen ( Hölldobler, 1988; Billen & Taylor, 1993 ) . The gland's secretion is known to mark substances for long-lasting trunk routes but it may also be used for defense against predators ( Hölldobler, 1988 ) . Ants of this genus appear to be rather unusual with respect to both the ultrastructural and chemical contents of their Dufour gland and, in the present study, we report on the peculiarities of this gland in Meranoplus diversus .
Materials and methods
Workers and dealate queens of M. diversus Fr. Smith, 1867 were collected in Ayers Rock, Northern Territory, Australia. Their Dufour glands were dissected and fixed in cold 2% glutaraldehyde, buffered at pH 7.3 with 50 mm Na-cacodylate and 150 mm saccharose. Post-fixation occurred in 2% osmium tetroxide in the same buffer. After dehydration in a graded acetone series, the glands were embedded in Araldite (Polysciences,
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Warrington, PA) and sectioned with a Reichert Ultracut E microtome (Reichert-Jung, Austria). Semithin sections of 1 m were stained with methylene blue and thionin and viewed in an Olympus BX-51 microscope (Olympus, Japan). Double-stained thin sections of 70 nm were examined in a Zeiss EM900 electron microscope (Carl Zeiss AG, Germany).
All samples were analysed by linked gas chromatographymass spectrometry (GC-MS) using an Agilent Technologies 6890N gas chromatograph (Wilmington, DE) equipped with a HP-5 column (30 m × 0.25 mm, 0.25 m film thickness), coupled to a 5973N mass selective detector (GC-MS).
Single Dufour glands were analysed by two methods, both using the solid sampling injection method as previously described by Morgan (1990) . In the first, a single gland, collected and sealed in a glass tube, was crushed inside the GC injector. The injector temperature was set at 250 °C. The GC oven temperature program was: 50 °C hold for 3 min, then the temperature was increased at 5 °C min −1 to 260 °C and held for another 10 min. Finally, it was increased again at 20 °C min −1 to a final temperature of 330 °C and held for 5 min. The mass spectrometer was operated at 70 eV, scanning from 40 -500 amu at 1.5 scans s −1 . The second analysis involved treating the sample with bis(trimethylsilyl)-trifluoroacetamide (BSTFA) to convert acids and alcohols to more volatile derivatives, more suitable for GC. The glass vial in which the gland was stored was opened and 20 L of BSTFA was added to the tube. The tube was re-sealed and heated at 60 °C for 2 h. Then the glass vial was crushed in the injector before being analysed in the GC/ MS as described above.
A total of 52 worker Dufour glands and 13 queen Dufour glands were used. Some of these were analysed singly, as described above, and the rest were combined into groups when first looking for identifiable material and later when using BSTFA reagent. Calculation of mean values was therefore not possible.
Results
The Dufour gland of both workers and queens of M. diversus has a tubiform shape tapering posteriorly to open into the sting base through a narrow slit-like orifice ( Fig. 1a ) ventral to the duct of the venom gland. The gland in both castes is bright yellow and reaches a length of 1 mm, stretching almost the entire length of the gaster. Its wall is formed by a mostly flattened, simple mono-layered and cuticle-lined epithelium with a thickness of approximately 10 m ( Fig. 1a, b ) . Electron microscopy reveals the presence in both queens and workers of abundant and irregularly shaped electron-dense secretory droplets and a well developed smooth endoplasmic reticulum ( Fig. 1c -e ) . The apical cell membrane displays irregular short microvilli, in which small droplets of the dark secretion may occur ( Fig. 1d ) . The unusual appearance of the lumen of the gland reflects probably the emulsion nature of its contents. This inhomogeneous mixture is particularly evident in Figure 1(b, d) . Usually the lumen of the Dufour gland of an ant is filled with a homogeneous oily liquid. GC, as normally used for the examination of Dufour gland contents, gave no volatile material at lower molecular masses except for large amounts of hydroquinone in both queens and workers. This was confirmed by the observation of p -trimethylsilyloxyphenol and 1,4-bistrimethylsilyloxybenzene in samples treated with BSTFA. The tristrimethylsilyloxyderivative of hydroxyhydroquinone was also identified but in a lesser amount. Working at higher column temperature, large, but variable, amounts of the fatty acids normally found in insects were found also in queens and workers. These were principally oleic acid, followed by smaller amounts of stearic, palmitic, linoleic, palmitoleic, and various unsaturated C 20 acids and branched acids. The latter were recognized only from their chain lengths and because they eluted before the corresponding straight-chain acids of the same molecular mass. Small amounts of a series of 2-ketones from 2-tridecanone to 2-pentacosanone were found in both castes. At higher masses, a bewildering number of substances were observed. These were present in microgram to nanogram amounts per insect. Many were in low nanogram quantities and contained in overlapping peaks so that exact molecular masses could not always be determined. Some 80 compounds could be recognized in workers and approximately 70 in queens. As only three queens and three workers were analysed at this stage, and there was large quantitative variability between individuals, quantification was not attempted.
A series of 2-acyl-2-cyclohexen-3-ol-1-ones ( 1 ; Fig. 2 ) were identified in both castes. These were recognized readily by their characteristic mass spectra with ions at m / z 139, 154 and 167 in the approximate ratio of 1 : 1.5 : 2, with m / z 167 the base peak, and loss of 18 mass units from the molecular ions (c.f. NIST library spectrum # 131508 for 2-dodecanoyl-2-cyclohexen-3-ol-1-one). 2-Acylresorcinols ( 2 ; Fig. 2 ) were also readily recognized from their strong ions at m / z 137 (base peak), 152, 165 and 189 in the ratio of 6 : 2.1 : 1.8 : 1, and their relatively strong molecular ions and ions at M + -18 (c.f. NIST library spectrum # 131484 for 2-tetradecanoylphen-1,3-diol). Related compounds were identified tentatively from their mass spectra; their suggested structures are shown in Figure 2 but confirmation will require considerable further work. The glands of queens contained only small amounts of two hydrocarbons, 9-methylheptacosane and 7-methylheptacosane, but workers contained both of these together with straightchain alkenes and alkanes and multiply branched pentacosanes, heptacosanes and octacosanes. In two samples of workers palmitamide, oleamide and stearamide were identified, and methyl esters of myristic, palmitic and oleic acids.
Because of the broad chromatographic peaks produced by the large quantities of fatty acids, further samples of glands were treated with a silanizing agent, which indeed produced sharp peaks for trimethylsilyl esters of the fatty acids but also revealed silyl derivatives of lactic acid, sugars, hydroxyhydroquinone (as well as hydroquinone, ratio of 1 : 5) and unidentified silyl derivatives of other compounds. These compounds were found in both queen and worker glands. From the results with the trimethylsilylating reagent, it was estimated that worker glands contained approximately 50% fatty acids, 20% sugars (most of which was glucose, followed by fructose) and the remaining 20% comprised identified and unidentified compounds. The double bond positions in the fatty acids and other long-chain compound were not determined.
Discussion
The Dufour gland of Meranoplus ants is remarkably large in all species studied to date ( Hölldobler, 1988; Billen & Taylor, 1993 ) . Its general anatomy with a simple epithelial wall surrounding a central lumen is consistent with the usual appearance for this gland in the social Hymenoptera ( Billen, 1986 ) . Furthermore, its ultrastructural appearance with a well-developed smooth endoplasmatic reticulum is a common characteristic for this gland, and corresponds with the elaboration of a nonproteinaceous secretion. The occurrence of large amounts of electron-dense secretory droplets in the cytoplasm, however, is very unusual for this gland, and corresponds with the equally unusual chemical composition of the secretion.
The presence of hydroquinone, a compound rarely encountered in ants, large amounts of fatty acids, and a large number of other compounds not encountered in Dufour glands of ants before, sets M. diversus apart from all previously examined species. Hydroquinones and their corresponding quinones are well-known as defensive secretions of a range of insects ( Blum, 1981 ) . Acylcyclohexan-1,3-diones, which exist in their enol forms ( 1 ; Fig. 2 ) can be identified first in the larval mandibular glands of the lepidopteran Ephestia kuehniella ( Mudd, 1981 ) and dodecanoylresorcinol [or 1-(1 ¢ ,6 ¢ -dihydroxyphenyl)dodecan-1-one] is found in the defensive secretion of the Andromeda lace bug Stephanitis takeyai ( Oliver et al. , 1990 ) . Because the large amounts of fatty acids present give broad peaks, which might obscure other compounds, some samples are treated with a trimethylsilylating agent to convert these acids to more volatile compounds with better peak shapes. This did indeed make other compounds visible, and confirms the identification of some that are already recognized. For example, hydroquinone is identified as its bis(trimethylsilyl) ether, and hydroxyhydroquinone as its tris(trimethylsilyl) ether. The presence of sugars in an ant Dufour gland is a novel observation. Their significance is unknown because this is the first time that the secretion is treated with a trimethylsilylating reagent and, as such, sugars would be undetected in any previous studies. However their insolubility in the hydrocarbon-rich mixture in most Dufour glands makes their presence improbable. Analyses of Dufour gland contents of ants are normally carried out by GC. All nonpolar volatile compounds can be recognized by this technique. However, it is possible that highly polar compounds, as encountered in the present study, may be missed. Frequently, the total amount of volatile compounds identified can account for the volume of the gland but it is possible in some cases that similar polar compounds to those first identified in the present study may be overlooked.
The large gland and the unusual contents indicate some unusual function for the Dufour gland in this species. Although there is no common function for the gland where it is found throughout the aculeate Hymenoptera, nor even within the Formicidae, the use of the gland in M. diversus deserves special study. Hölldobler (1988) aptly describes it Fig. 2 . Structures of some substances tentatively identified by mass spectrometry in the Dufour glands of both queens and workers of M. diversus, in addition to long-chain fatty acids, glucose and fructose. 1 , 2-acyl-2-cyclohexen-3-ol-1-ones; 2 , acylresorcinols; 3 , 2-alkylcyclohexanones; 4 , 3-alkylcyclohexanones; 5 , 2-alkylpyridines; 6 , 2-alkyl-6-methylpyridines; 7 , N -alkylpyrrolidines; 8 , hydroquinone; 9 , hydroxyhydroquinone; 10 , lactic acid.
